INTRODUCTION
Soon after the discovery of radiation, it became apparent that the skin was a tissue sensitive to radiation damage. Early practitioners of radiography exposed their own hands to X rays for experimentation and calibration, and were the first to notice the consequences of erythema and epilation (1) . In fact before instrumentation to measure the absorbed dose of radiation, the development of inflammation of the skin was used to define radiation dosage. One erythema unit was the dose of radiation that was needed to cause skin redness after a single dose of X rays which equates to ;5 Gy (1). High doses and continued exposure led to more serious complications of skin ulceration and gangrene.
At the present time, radiodermatitis continues to be a complication of radiotherapy, e.g., for breast cancer (2) . It is also potentially a major complication after exposure to radiation from an accident (3, 4) or terrorist attack, such as a ''dirty bomb'' (5, 6) . For example, in a dirty bomb scenario the alpha and beta particles released may have limited penetration and therefore will primarily damage exposed skin surfaces. After sufficient radiation exposure, damage to the skin can be a major determinant and an independent predictor of mortality (4, 7) . Therefore, it is important to understand the underlying mechanisms of radiodermatitis.
Ionizing radiation causes cell injury and death by damaging DNA and other cellular constituents (8) . In the skin many cell types can be injured by radiation but damage to the basal cell layer of the epidermis is particularly problematic as it is required for maintaining the structure and integrity of skin. In addition to causing direct damage to cells, radiation to the skin also induces inflammation (9) . Some acute inflammation can be seen within hours of exposure, but radiodermatitis begins to develop in earnest 10-14 days after radiation exposure and can progress in severity over the ensuing weeks. In other settings, inflammation alone can cause tissue injury (9, 10) . This is because recruited leukocytes release reactive oxygen species, proteases and other toxic molecules that damage adjacent normal cells. Consequently it is thought that in the setting of radiation damage, inflammation is a confounding factor that increases tissue injury and morbidity.
Precisely how radiation of the skin leads to inflammation is not well understood. The injury is sterile and the epidermal barrier to microbial invasion is intact during the time when the inflammatory response develops. Injured and dying cells are known to release proinflammatory molecules called damage-associated molecular patterns (DAMPs) (11, 12) that can stimulate robust inflammation. Since cells are damaged by radiation it is possible that this process underlies the genesis of radiodermatitis. Recent work has shown that sterile inflammation induced by cell death and a number of other particulate stimuli are driven by the cytokine interleukin 1 (IL-1) (12) . Therefore, in this report we examined the role of the IL-1 pathway in the pathogenesis of radiodermatitis. We found that when mice that are genetically lacking the IL-1 pathway are exposed to high-energy electrons to the skin they develop less radiodermatitis than wild-type animals post-irradiation.
MATERIALS AND METHODS

Mice
Wild-type male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). IL-1R1-deficient (13), IL-1a, IL-1b and IL-1ab double-deficient male mice were described previously (14) and bred at University of Massachusetts Medical School. All mice were maintained on a standard rodent diet at University of Massachusetts Medical School and mice were used at 9-12-weeks of age. Experiments were carried out with University of Massachusetts Medical School Institutional Animal Care and Use Committee (IACUC) approval.
Radiation
Mice were shaved using an electric razor in the flank areas and anesthetized using a 1:10 dilution of pentobarbitone (Nembutal, Hospira, Lake Forest, IL) and DPBS (Gibco, Carlsbad, CA) at a concentration of 30 mg kg À1 . Anesthetized mice were placed into a Styrofoam jig with an overlaid 0.8 cm Superflab tissue equivalent material bolus and were irradiated with a 6 MeV beam from a Titanium source using the Varian II Trilogy system (Palo Alto, CA) and a 2 cm circular lead cut-out to direct the beam onto the mouse flank. Total delivered doses ranged from 15-35 Gy with a dose-rate of 10 Gy per minute.
Bioluminescence Imaging
Non-invasive bioluminescence imaging of myeloperoxidase (MPO) activity in vivo was used to semi-quantitatively measure inflammation longitudinally, as previously described (15) . Mice were anesthetized and given 200 mg kg À1 bioluminescent substrate (Luminol sodium salt, Sigma-Aldrich, St. Louis, MO) diluted in DPBS. Mice were imaged using the IVIS-Xenogen 100 (Caliper Life Sciences) and Living Image software version 4.2 (2 min photon exposure, medium binning, F/Stop 1, open optical filter).
Clinical Evaluation of Skin
Following irradiation mice were grossly inspected several times per week and the quality of the skin was recorded: (0) normal, (1) erythema, (2) dry desquamation, (3) wet desquamation, and (4) ulceration (images shown in Fig. 2 ). Animals with a score of 4 over a significant area of the skin were euthanized as prescribed by University of Massachusetts Medical School IACUC.
Histology Examination
Mice were euthanized in accordance with IACUC standards and biopsies of skin were obtained. Tissue specimens were frozen, fixed in 10% formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin for histopathological evaluation and rabbit antimouse CD31 (Abcam, Cambridge, MA) and ImmPRESS horseradish peroxidase reagent kit (Vector Laboratories, Burlingame, CA) were used for angiogenesis that was analyzed under light microscopy.
Statistical Analysis
Clinical scores and bioluminescence data were analyzed by nonlinear regression analysis (GraphPad, La Jolla, CA) or general linear mixed model analysis (Systat, Chicago, IL; SPSS, ISM, Armonk, NY). Clinical score statistics using a general linear mixed model ANOVA were performed following square root transformation, and bioluminescence statistics using a general linear mixed model ANOVA and curve fitting were performed following natural logarithm transformation to better approximate normal distribution.
RESULTS
Murine Model of Radiodermatitis
Many studies of radiodermatitis in the mouse irradiated the entire hind limb with X rays (16) (17) (18) or c radiation (19) (20) (21) . Given the depth of penetration of c rays, the injury in this model is not limited to the skin, but also extends to deeper tissues. We sought to use a model in which the skin would be more selectively exposed to radiation and thereby mimic the injury that would develop after exposure to b particles. To this end the flank skin of C57BL/6J mice was shaved and the right flank was exposed to an electron beam from a Varian II particle accelerator, commonly used in human radiotherapy (22) . An advantage of this approach is that the energetic particles have a limited depth of penetration and therefore models damage from b particles. To limit the field of exposure, the beam was directed through a 2 cm lead cutout and to limit the depth of penetration, a 0.8 cm bolus of tissue-equivalent material was placed between the skin and the radiation source. This approach generated a 2 cm high dose area delivered to the skin while significantly limiting the dose to the underlying and surrounding tissue. The contralateral flank was shaved but not exposed to radiation and it served as an internal control.
Treatment doses from 15-35 Gy calculated to the 90% isodose line were used to treat the mice. Mice that were exposed to 20 Gy or greater developed radiodermatitis starting 8-12 days after irradiation and it became severe (clinical scores of 3-4) after ;3 weeks (Fig. 1) . Mice that received 15 Gy developed only mild radiodermatitis, while those exposed to 35 Gy developed severe disease more rapidly. Based on these results, we selected single-fraction doses of either 20 or 21.75 Gy for subsequent experiments; the different doses were two variations used by different personnel and similar results were obtained at both doses. The skin was evaluated over time using a scoring system similar to that used by others previously (23) as follows: (0) normal, (1) erythema, (2) dry desquamation, (3) wet desquamation, and (4) ulceration (Fig. 2) . Animals with a score of 4 over a significant area of the skin were euthanized as prescribed by our institutional IACUC.
To quantify inflammation in the animals, we used a luminescent imaging assay system. Mice were anesthetized and injected with luminol. This substrate is converted to a luminescent product by myeloperoxidase in neutrophils (15, 24, 25) , which can be quantified in living animals with an IVIS imaging system. A major advantage of this system is that the progression of inflammation can be followed over time while concurrently scoring the clinical appearance of the same animals. The inflammation measured by luminol imaging developed with a similar time course and increased IONIZING RADIATION-INDUCED DERMATITIS IS IL-1 DEPENDENT in magnitude in parallel to the skin changes observed clinically; inflammation and clinical scores subsequently tended to decrease in those animals that survived .30 days (Figs. 1 and 3 ). It should be noted that in these graphical displays, the loss of the most severely affected animals from the wild-type group improves this group's average, thereby making the differences between this group and the IL-1R1 -/-mice appear smaller, especially at the later time points.
Role of the IL-1 Receptor in Radiodermatitis
To investigate the role of the IL-1 pathway in the development and severity of radiodermatitis, we used a genetic model in which C57BL6 mice lack the IL-1R1. This is the sole receptor for all IL-1 species and therefore mice that lack this receptor are completely unresponsive to this cytokine (26) . We found that the IL-1R1-deficient mice began to develop clinical signs of radiodermatitis at the same time as what was observed in wild-type mice and the initial progression of the disease was not different between the two strains (Fig. 3) . Beginning approximately 1 week after radiation exposure, local erythema was grossly apparent in all mice. Dry and/or moist desquamation had developed in almost all mice by days 14 and 21, respectively. However, at time points after ;3 weeks, the majority of wild-type mice progressed to grade 4 skin damage and required euthanasia, while the majority of IL-1R1-deficient mice had less severe ( 3) clinical scores and then tended to recover (Fig. 3) . Over this period clinical scores differed significantly between wild-type and IL-1R1 -/-mice and this persisted through 42 days, despite the loss of many severely affected wild-type mice at later times (Fig. 3) . IL-1R1 -/-mice showed less severe inflammation, determined by decreased average clinical scores compared to wild-type mice beginning especially in week 3 after radiation exposure. IL-1R1 -/-mice also showed accelerated healing. Quadratic curve estimates of aggregated clinical scores from 3 experiments are summarized in Table 1 .
When inflammation was quantified by luminol imaging, IL-1R1 -/-mice developed signs of inflammation initially at the same rate as wild-type mice, but did not progress to the same severity of inflammation. IL-1R1 -/-mice also had a faster resolution of total inflammation compared to wildtype mice (Fig. 3 ). There was a significant effect for genotype-side irradiated [F(4, 364) ¼ 15.39, P , 0.0001], a significant interaction through all scoring days [F(4, 382) ¼ Table 2) .
In some experiments lesional and control skin was evaluated histologically and the results were concordant with the clinical scores (Fig. 4) . Two weeks after radiation exposure all mice showed similar epidermal atrophy and dermal infiltration of neutrophils, lymphocytes and histiocytes. However, IL-1R1 -/-mice were found to have less ulceration, less epidermal atrophy, fewer multinucleated giant cells (MNGC), fewer vessel abnormalities and fewer extravasated red blood cells (RBC) compared to wild-type mice. After 3 weeks, IL-1R1 -/-mice were found to have less severe necrosis, more prominent early stages of fibrosis and healing compared to wild-type mice. Additionally some wild-type mice showed markedly elevated inflammatory cells, especially eosinophils, histiocytes, lymphocytes and neutrophils compared to IL-1R1 -/-mice. At 4 weeks, most IL-1R1 -/-mice showed no ulceration or necrosis of epidermis and showed signs of fibrosis/healing, while almost all wild-type mice were found to have severe ulceration and moderate necrosis. As in week 3, some wildtype mice showed elevated histiocytes, lymphocytes and neutrophils as compared to IL-1R1 -/-mice. After 3 weeks, elevated angiogenesis, increased fibroblasts and marked epidermal and dermal fibrosis were seen in both genotypes by both H&E and CD31þ endothelium immunostain.
Role of IL-1 in Radiodermatitis
The finding that radiodermatitis was less severe in mice lacking IL-1R1 suggested that IL-1 was contributing to the pathogenesis of this condition. To formally test the role of IL-1, we irradiated the skin of mice that were genetically lacking this cytokine (IL-1a -/-b -/-double-deficient mice) and compared their clinical course to wild-type mice. Additionally, to investigate the contribution to radiodermatitis of the different forms of IL-1, we irradiated the skin of mice lacking only IL-1a or IL-1b.
There was a significant effect for isotype genotype [F(3, 35.4) ¼ 9.85, P , 0.0001], and a significant interaction through all scoring days [F(57,296) ¼ 8.63, P , 0.0001]. Clinical scores began to significantly differ between almost all groups beginning 34 days after irradiation (Table 3) . Both IL-1a-and IL-1b-deficient mice had milder courses of radiodermatitis relative to wild-type mice. However, only mice lacking IL-1b differed significantly from wild-type mice. The reduction in their disease was not as dramatic as was observed in mice lacking both forms of IL-1, the clinical score course was similar to that observed in the IL-1R1 -/-mice (Fig. 5) . These results suggest that both IL-1 isotypes contribute to radiodermatitis, although IL-1b may play the larger role.
DISCUSSION
We report here that cytokine IL-1 plays an important role in the inflammation that develops in the skin after high-dose radiation injury and contributes to the progressive damage up to and including ulceration. Interestingly, with the radiation dosage we use in these studies the erythema and desquamation that occurs in the skin was not appreciably different by clinical evaluation or bioluminescence monitoring between wild-type mice and IL-1 pathway-deficient mice until 3 weeks after irradiation. Presumably, the earlier changes seen by histology are due to direct radiation damage and/or other inflammatory mediators. However, at later times there was a clear divergence in the inflammation and clinical course between the strains, with the IL-1-deficient mice developing less severe disease. Our findings build on previous studies where IL-1 was found to be one of the few cytokines that was directly induced after irradiation of the skin (9, 27) and one that continued to be produced at later times at least up to 60 days (9) . In addition, IL-1 has been implicated in the development of fibrosis that occurs in chronic radiodermatitis (9) . Our results extend these earlier studies by showing a clear role for IL-1 in the pathogenesis of radiodermatitis.
Our findings may have relevance for radiation injury in other tissues. A similar induction of IL-1 has been observed in other tissues after radiation injury. For example, IL-1a is induced in the murine lung early after radiation and remains elevated for .26 weeks (28) . Interestingly, serum IL-1a levels are elevated and have predictive value in human patients that go on to develop radio-pneumonitis (29) . Additionally, IL-1a and IL-1R-dependent responses to cigarette-smoke-induced neutrophilic inflammation and the development of chronic obstructive pulmonary disease (30) . This process may be due to chest exposure to radioactive particles (31) , which is considered to be a significant cause of smoking-associated lung cancer. Therefore, IL-1 may The role that IL-1 plays in inflammation post-radiation damage is similar to what has been observed in other settings of cell injury and it is likely these responses are all using similar mechanisms. Injection of a variety of dead cells in vivo provokes robust acute inflammation and this response is dependent on IL-1 (32) . Similarly, in situ damage in organs, e.g., caused by toxic agents, incites inflammation that is dependent on IL-1 (32) . In these situations, dying cells expose proinflammatory molecules, referred to as DAMPs, which include uric acid, ATP, HMGB1 and most likely other molecules as well (11, 12) . The DAMPs then stimulate macrophages to produce IL-1 (33) . We hypothesize that cells injured by radiation release DAMPs over time that then stimulate IL-1-dependent inflammation.
IL-1-dependent sterile inflammation causes tissue injury in many situations. This is seen in responses to sterile irritant particles such as urate crystals in gout (34) and silica particles in silicosis (35) . This is also seen after cell death in tissues, where the inflammatory response causes damage to adjacent viable tissue. In all of these situations, it is thought that the tissue damage is caused by reactive and hydrolytic molecules that are released from recruited leukocytes, including reactive oxygen species (36, 37) , hypochlorite and proteases (37) . Leukocytes are known to be present in radiodermatitis and our imaging findings and histological analyses show that the accumulation of neutrophils in these lesions is somewhat dependent on IL-1. Therefore, it is possible that IL-1-dependent leukocyte-mediated damage similarly contributes to the pathogenesis of radiodermatitis.
The present findings are of potential relevance because they give insights into some of the mechanisms of radiodermatitis. Perhaps more importantly, they point to the IL-1 pathway as potential molecular targets for therapy. This is of particular interest because there are already a number of biologics (IL-1Ra, anti-IL-1 and IL-1-trap) that block this cytokine and that are approved for use in humans in other indications (38, 39) .
The animal model we developed for these studies should also be useful for future investigations. The electron beam used to irradiate the skin has very limited penetration into deeper tissues, and this models the situation that would occur with surface exposure to b or a particles better than with previous models of c or X irradiation. Moreover, since damage is limited to the skin, this model allows an analysis of radiodermatitis that limits confounding changes from damage to deeper structures. In addition, the use of luminol-based imaging allows inflammation to be monitored in living animals. Since animals don't have to be sacrificed with this non-invasive technique, the course of disease can be followed in individual mice over an extended time course.
